Background: Endomyocardial biopsy (EMB) is currently the method of choice for the definite diagnosis of acute allograft heart rejection after transplantation. But, it is somewhat invasive and expensive and, on occasion, gives rise to serious complications. To find a non-invasive method for the identification of acute allograft rejection, we compared the results between EMB according to the criteria of the international society of heart and lung transplantation (ISHLT) and myocardial deformation indices (color-coded tissue Doppler imaging (TDI)-derived strain and strain rate (SR) imaging).
Background
Heart transplantation is the final treatment in cases with advanced heart failure (HF). The risk of allograft rejection is high, especially in the 1st post-transplantation year. Although, the risk, reduces over time, but rejection may still happen any time. Endomyocardial biopsy (EMB) is the gold standard method for the identification of asymptomatic episodes of rejection and is recommended routinely according to the criteria recommended by the international society of heart and lung transplantation (ISHLT) (1) .
EMB is performed via the jugular, subclavian, or the femoral vein. But, it is an expensive and invasive procedure with such complications as arrhythmia, myocardial perforation and tamponade, tricuspid valve damage, and heart block. To date, a large number of non-invasive methods have been investigated for the identification of rejection, but none of them has shown sufficient reliability.
Echocardiographic strain and strain rate (SR) imaging (deformation indices) is a relatively new non-invasive method for the evaluation of myocardial function. Due to its ability both to differentiate between active and passive myocardial motion and to evaluate regional myocardial function segment-by-segment, both of which are not easily assessable, this modality confers a complete and detailed assessment of myocardial function and has a wide spectrum of clinical applications, including identification of acute allograft rejection and early identification of coronary allograft vasculopathy after heart transplantation (2, 3) .
In the present study, we sought to assess the clinical utility of color-coded tissue Doppler imaging (TDI)-derived strain and SR imaging in predicting asymptomatic and subclinical episodes of rejection in heart transplantation patients.
Methods
We performed 31 EMBs in heart transplantation cases. All the patients were asymptomatic, had a left ventricular (LV) ejection fraction above 50%, and were referred for routine surveillance biopsy with a time range of 3 to 12 months after transplantation. EMB was done via the right femoral vein. In each biopsy, 4 to 6 samples were taken from the interventricular septum, and the samples were analyzed by a pathologist, who was experienced in the field of cardiac transplantation, according to the ISHLT's criteria.
All the echocardiographic studies were done within 24 hours after biopsy with a Vivid 7 Dimension GE echo machine. In each patient after detailed echocardiography, 2D imaging in the 4-chamber, 2-chamber, and apical longaxis views was done and the color-coded TDI-derived images were stored. Peak systolic strain and SR velocities in 12 LV segments (ie, the basal and mid segments of the anterior, posterior, lateral, septal, inferior, and anteroseptal walls) were measured via offline analysis by an experienced echocardiographer, who was blinded to the results of the EMBs.
Statistical Analysis
The values are reported as means ± standard deviations (SDs). The plots of the receiver operating characteristic (ROC) curves determined sensitivity and specificity. The Student t-test was performed, and statistical significance was defined with a P value less than 0.05. The statistical analyses were conducted using SPSS, version 20.
Results
The study population consisted of 31 patients (8 women and 23 men) at a mean age of 36.8 years at the time of biopsy and a time range of 3 to 12 months after heart transplantation. All the recipients were treated with tripledrug immunosuppressive therapy (Table 1 ). According to the ISHLT's criteria, 17 EMB samples revealed no rejection or grade 0 (Table 2) , 13 EMB samples exhibited mild rejection (grade IR), and only 1 biopsy demonstrated moderate rejection (grade IIR).The color-coded TDI-derived strain and SR mean values revealed no meaningful differences between the group with no rejection (grade 0) and the group with mild rejection (grade IR) ( Figure 1 ). Also, no correlation was found between the mean of strain and SR values and the EMB results (Table 3) . ROC curve analysis was applied to all 12 LV segments, and only the SR of the infero-basal segment revealed a correlation with the EMB results, with the area under the curve of 0.73 (P = 0.024) ( Figure 2 ). Examples of the color-coded TDI-derived strain and SR curve of a patient with grade 0 (no rejection) and the only recipient with grade IIR rejection (moderate rejection) are illustrated in Figures 3 and 4 , respectively. 
Discussion
In the current study, we evaluated longitudinal strain and SR in 12 LV segments via color-coded TDI in heart transplantation recipients, referred for routine surveillance EMB. The data from our preliminary study revealed no significant differences between the patients with biopsyproven mild form of rejection and those who had no rejection in pathology. The only meaningful correlation was between the SR of the infero-basal segment and the pathology result in the patient with moderate rejection (grade IIR). However, severe rejection (grade IIIR) was reported in none of the patients, and only 1 EMB revealed moderate rejection. In the other patients, mild rejection was reported.
Although color-coded TDI-derived strain and SR mea- 
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Female gender 36
Immunosuppression medication Prednisolone 100
Cyclosporine 24
Tacrolimus 76
Mycophenolate mofetil 100
a Values are expressed as number percent unless otherwise indicated. surements are valuable in the assessment of global and regional myocardial function, they also have some disadvantages (2, 3). First and foremost, they are only 1D velocity assessments, while the myocardium deforms simultaneously in 3 dimensions. Another important disadvantage relates to limited spatial resolution, which is induced by imaging at a high temporal resolution. Moreover, these measurements are time-consuming offline analyses and need expert operators for data acquisition, processing, and interpretation. The fact that the comparison of the adjacent velocities is very sensitive to signal noise and the signal-to-noise ratio of TDI-derived SR measurements is low is deemed another weakness of note. Accordingly, it is not surprising that TDI-derived strain and SR measurements are not very reproducible (> 10% -15% inter-observer variability). This is one of the reasons why this technique has not become a routine practice yet. Nonetheless, in the hands of an experienced and very trained operator, this technique can be a valuable non-invasive tool for the evaluation of global and regional myocardial function in clinical practice (4, 5) . The strain and SR imaging indices are independent of global cardiac motion and may, thus, be sensitive in detecting regional functional abnormalities induced by acute rejection. Heart transplantation, when possible and indicated, is a final destination therapy for end-stage refractory HF. But, detecting acute allograft heart rejection is a major concern. This event happens most often during the 1st postoperative year and must be diagnosed as soon as possible (preferably before overt clinical deterioration). At this time, EMB remains the gold standard method for the diagnosis of this catastrophic complication (1). Nevertheless, this procedure due to its invasive nature can, on occasion, give rise to serious morbidity and rarely mortality. Consequently, considerable clinical research has been undertaken to find a reliable and sufficiently sensitive non-invasive way for detecting acute allograft heart rejection (6, 7). Unfortunately, conventional echocardiographic indices have low sensitivity and specificity in detecting changes in systolic or diastolic function due to acute cardiac rejection and global cardiac function is often well preserved until late after established rejection (8) .
In cases with biopsy-proven acute rejection of at least grade 3, Dandel et al. (6) revealed a meaningful reduce in LV systolic and diastolic radial, circumferential, and longitudinal global peak strain and SR values in comparison to the values achieved pre rejection (P < 0.05). The authors also reported that the decline in systolic and diastolic global SR appeared to be more sensitive for the early identification of acute rejection than the decline of systolic and early diastolic global strain values.
Comparing the deformation indices achieved from cases undergoing routine EMB, Marciniak et al. (7) found importantly lower LV longitudinal and radial peak systolic strain and SR values in patients with acute rejection of at least grade 1B than in those with biopsies graded between 0 and 1A and of course in cases with grade IIIA rejection. Additionally, reduced values of strain and SR were found to be non-uniform throughout the LV free walls. This would recommend that rejection could be an inhomogeneous process. The investigators recommended that more research be undertaken to further clarify the issue.
Ambardekar et al. (9) studied 30 heart transplantation recipients with asymptomatic biopsy-proven rejection and 14 control heart transplantation patients and found no meaningful differences in circumferential and longitudinal strain or SR between the baseline, rejection, and resolution studies. Furthermore, the authors reported that there were no meaningful differences in strain and SR in the control transplantation patients during the 1st year after transplantation or compared with the patients with rejection.
2D-strain imaging as a new echocardiographic technique has the advantages of being more reproducible. Reduced global longitudinal strain (GLS) had a significant association with increased risk of treatment-requiring rejection (grade 1B or higher rejection).
Santos et al suggested high sensitivity and specificity for LV longitudinal strain < 15.5% in patients with Acute cellular rejection ≥ 2R (10, 11).
Limitations
Firstly, all our EMB samples were mostly with no or mild rejection and only 1 of our heart transplantation recipients revealed grade IIR rejection, and as we expected, meaningful strain and SR changes in at least grade IIR rejection. Further studies with expanded numbers of cases are needed to confirm these changes in this clinical entity.
Secondly, a potential risk of misdiagnosing acute rejection could be due to coronary artery disease in patients 4 Arch Cardiovasc Imaging. 2016; 4(3):e43275.
after heart transplantation, which may result in a reduce in regional myocardial deformation indices in the affected segments. We performed coronary angiography in all of our patients, and there was no meaningful coronary artery disease in our heart transplantation recipients. Aside from coronary artery vasculopathy, which was excluded in our cases, other meaningful valvular heart diseases affecting myocardial loading condition such as mitral regurgitation (MR), meaningful diastolic dysfunction, and severe RV systolic dysfunction may affect strain and SR values and must, thus, be borne in mind in data interpretation. As all the studies were performed 3 months after surgery, there was no meaningful diastolic or RV systolic dysfunction and we had no meaningful valvulopathy (eg, MR) in our heart transplantation recipients. Thirdly, image artifacts such as reverberations may influence the measurement of the regional deformation indices. Signal noise could be an important concern in this group of patients as this is exaggerated during SR measurement. In order to counterbalance this problem, we acquired all the data at a narrow sector angle by focusing the segments in the center of the image.
Finally, we did not perform speckle-tracking-derived 2D-strain imaging in our cases. Indubitably, strain and SR measurement with this new echocardiographic technique on the strength of its lack of angle-dependency compared with TDI would have yielded more reproducible results.
Conclusions
Our study could not find a significant correlation between TDI-derived strain and SR and EMB results, in mild grades of acute allograft rejection in heart transplantation recipients. Doppler based strain and SR imaging might be a complementary tool for detecting higher grades of acute allograft heart rejection as we showed in our case with moderate rejection (grade IIR).
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